In this study, we investigated the effect of attention on local motion detectors. For this purpose we used logarithmic spirals previously used by Cavanagh and Favreau [Perception, 1980, 9(2), 175-182]. While the adapting stimulus was a rotating logarithmic spiral, the test stimulus was either the same spiral or its mirror image. When superimposed, all contours of the spiral stimulus and its mirror image are 90°apart. Presenting the same spiral during the test period shows adaptation of both local motion detectors and global rotation detectors, whereas showing the mirror-spiral stimulates another set of local motion detectors, and therefore illustrates adaptation at only the global motion level. To manipulate the attentional state of observers, a secondary task was presented during the adaptation phase and observers either performed the task or ignored it. Motion aftereffect (MAE) duration was measured afterwards. While the effects of attention and test stimulus type on MAE duration were both significant, the difference in the MAE strength between the attention-distracted and attention-not-distracted conditions was equal when the test stimulus was the samespiral or the mirror-spiral, suggesting that attention to spiral motion modulates only global rotation units and does not affect local motion detectors located at V1. Our results are in accord with those reported by Watanabe et al. [Proceedings of the National Academy of Sciences of the USA, 1998, 95(19), 11489-11492] which showed differential modulation of motion processing areas depending on the type of motion being attended. Therefore our data are supportive of the notion that attentional modulation of V1 is highly task-dependent.
Introduction
Motion analysis is perhaps the most heavily-investigated area of visual cortical processing, and as such it is on the leading edge of our understanding of the neural basis of perception. An understanding of motion would be incomplete without knowing whether it is influenced by the behavioral state. In other terms, does attention affect motion processing? Despite the general notion held in the 1980s that motion processing is pre-attentive (i.e. proceeds without the aid of attention) (Dick, Ullman, & Sagi, 1987; Ivry & Cohen, 1990; McLeod, Driver, & Crisp, 1988) , a couple of studies conducted afterwards cast doubt on this viewpoint. Cavanagh (1992) showed the existence of two independent motion processes: a ''low-level'' one which codes motion even in the absence of attention to the stimulus, and another one mediated by attention which depends on voluntary attention to the different visible features. Motion aftereffect (MAE), the illusory percept of motion in a stationary test stimulus after prolonged viewing of motion, has been also used to show the effect of attention on motion processing. Chaudhuri (1990) showed a large reduction 0042-6989/$ -see front matter Ó 2004 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres. 2004.11.012 in MAE duration while observers were engaged in a letter detection task during the adaptation phase. Substantial evidence exists nowadays that disproves the earlier notion and such a viewpoint is no longer valid.
Motion processing is performed in a hierarchical manner in our brain. Neurons located in the primary visual cortex (area V1) respond to the local motion of moving contours in the retinal image (Gizzi, Katz, Schumer, & Movshon, 1990) . These local motion signals are subsequently integrated in the middle temporal area (MT), where a percept of global motion is achieved (Morrone, Burr, & Vaina, 1995; Morrone et al., 2000; Movshon, Adelson, Gizzi, & Newsome, 1985; Tanaka, Fukada, & Saito, 1989) . Knowing that attention affects visual motion processing, at which level/levels does attention exert its influence?
A large number of studies have been conducted to elucidate the cortical areas which are modulated by attention to motion. It has been well documented that the extrastriate motion areas are modulated by attention. Both electrophysiological data recorded from the MT area in monkey Treue & Maunsell, 1996 and neuroimaging data from MT/MST homologue in humans (Haug, Baudewig, & Paulus, 1998; OÕ Craven, Rosen, Kwong, Treisman, & Savoy, 1997; Rees, Frith, & Lavie, 1997; Buchel et al., 1998) have demonstrated attentional modulation of motion processing. On the other hand, the effect of attention to motion in visual areas as early as V1 is a matter of debate. While some fMRI studies have shown increased BOLD signal activation in the primary visual cortex while attending to a moving stimulus (Gandhi, Heeger, & Boynton, 1999; Huk & Heeger, 2000; Somers, Dale, Seiffert, & Tootell, 1999) , other investigations failed to show any such modulation at V1 (Buchel et al., 1998; Culham et al., 1998; OÕ Craven et al., 1997) .
Few psychophysics investigations have studied the level at which attention exerts its influence. While almost all behavioral studies show a robust influence of attention on motion processing, few are able to pinpoint the level(s) in the motion stream which is modulated by attention. A good study addressing this issue is the one conducted by Mukai and Watanabe (2001) . To tackle different stages involved in motion processing, Mukai and Watanabe presented the adapting and test stimuli either to the same eye or to different eyes and measured the strength of the MAE afterwards. Presenting both stimuli to the same eye shows adaptation of both monocular and binocular cells (located in V1 and MT, respectively), while showing the stimuli to different eyes reflects adaptation at only binocular cells (located in MT). Mukai and WatanabeÕs findings are confirmatory of another study conducted by the authors (Watanabe et al., 1998) showing that attentional modulation of V1 depends on the type of motion attended: attention to translation motion modulates V1, whereas no enhancement in V1 activity is observed during attention to expansion motion.
To approach different stages of motion processing, we used logarithmic spirals in our study. Cavanagh and Favreau (1980) originally used these stimuli to show the existence of rotation selective mechanisms psychophysically. After observers were adapted to a rotating logarithmic spiral, presenting a stationary mirror image of the adapting stimulus (test stimulus) resulted in motion aftereffects in the contrarotational direction. Since all contours of the adapting and test stimuli are 90°a part ( Fig. 1) , local motion detectors tuned to the directions of the mirror image spiral would fail to respond and therefore not adapt, to the adapting spiral. Any motion aftereffect observed should be attributed to adaptation of global motion detectors. (In this case rotation detectors.)
Why does presenting a test stimulus having edges orthogonal to the adapting stimulus bypass local motion detectors in V1? Since V1 cells possess receptive fields of extremely small size, a line moving in any direction would be coded as one moving perpendicular to the lineÕs orientation (so-called aperture problem). Thereby motion selectivity in V1 is a direct reflection of its orientation selectivity. Single cell recording in monkeys have shown that the sharpness of orientation bandwidths of V1 neurons responding to moving lines is about 20° ( Schiller, Finlay, & Volman, 1976) . The data obtained from psychophysics experiments gives orientation tunings similar to those obtained from electrophysiological studies. Blakemore and Nachmias reported the orientation bandwidth around 6.75°(half-width at half amplitude) and those obtained from Campbell and Kulikowski ranged from 12°to 15°(half-width at halfheight) (Blakemore & Nachmias, 1971; Campbell & Kulikowski, 1966) . All these data suggest that no V1 cell could be responsive to contours that differ by 90°, for example, contours of both the adapting spiral and its mirror image. In other words, no orientation-specific motion-sensitive cell adapted to the rotating spiral during the adaptation phase could also be active and contribute to the MAE during the test phase. Ruling out the involvement of local motion detectors (located in V1), it could be proposed that the rotational aftereffect is merely due to activation of global motion detectors, located at MT/MST.
The aim of this study was to investigate whether attention to spiral motion modulates local motion detectors residing in V1. For this purpose, we presented rotating logarithmic spirals as adapting stimuli and either the same spiral or its mirror image as the test stimulus and measured the strength of the generated MAE afterwards. While presenting the same spiral during the test phase illustrates activation of both global and local motion detectors, showing the mirror-image spiral demon-strates activation of only global motion detectors (described above). Also two attentional conditions were used in our study: one which observers performed an attention-demanding task presented during the adaptation period and the other in which observers passively viewed the same stimulus and performed no task. An interaction between the test stimulus (same-vs. mirrorspiral) and the attentional state (distracted vs. not-distracted) would be indicative of differential involvement of local motion detectors in the attention-distracted and attention-not-distracted conditions, suggesting modulation of these units by attention. On the other hand, the lack of any such interaction would be supportive of the idea that attention does not modulate local motion detectors.
Methods

Observers
Four observers (two females and two males) with normal or corrected-to-normal visual acuity participated voluntarily in the experiments. One of the observers was the author (AZ) and the three others were naïve with respect to the aim of the experiment. All observers had some experience with psychophysical experiments and each received adequate training before the experiments were run.
Apparatus
The stimuli and the psychophysical experiment were programmed in MATLAB, using the Psychophysics Toolbox extensions (Brainard, 1997; Pelli, 1997) . Images were displayed on an RGB color monitor, 1024H · 768V pixel resolution at 85 Hz frame rate. Observers were placed in a dark room and viewed displays binocularly while their heads were fixed on a chin and forehead rest. The viewing distance was 60 cm.
Stimuli
As mentioned earlier, logarithmic spirals were used in this study. The logarithmic spiral was defined by r = exp (h), where r is the radius and h is the angle about the origin in radians. When the center of such spiral is superimposed on that of its mirror image, all contours intersect at 90°, which is characteristic of logarithmic spirals (Fig.  1) . The spiral was presented in a circular window of 8.04°in diameter and was composed of four blackand-white vanes, which were sine-modulated in luminance parallel to the circumference (Fig. 2) . The spiral rotated in the counterclockwise direction at the speed of 0.39 cycle/s during the adaptation period.
To manipulate the attentional state of observers during the adaptation phase, a secondary task was presented at the center of the adapting stimulus. Three-digit numbers appeared within a gray oval window (1.07°· 0.59°) at the center of the rotating spiral. Observers were instructed to fixate on the number stream and immediately strike a key on the keyboard whenever the number was divisible by three. Three-digit numbers were chosen randomly and presented at an alternation rate of 0.5 Hz. The probability of a multiple of three appearing was 0.33.
The test stimulus was a stationary spiral same in size as the adapting spiral. While the adapting spiral had a contrast of 100%, the contrast of the test spiral was 30%. The test contrast lower than the adaptation contrast has been shown to boost the MAE (Keck, Palella, & Pantle, 1976; Nishida, Ashida, & Sato, 1997) . The test stimulus was either same as the adapting spiral (except for having a lower contrast) or its mirror image (Fig. 3) . During both adaptation and test phases the spiral stimuli were presented on a uniform gray background.
Procedure
Each trial began with the appearance of a text cue, instructing observers to either ''perform'' or ''ignore'' the task. The condition in which observersÕ attention was engaged in the arithmetic task was called attention-distracted condition while the other condition (in which observers viewed the numbers passively and performed no task) was named the attention-not-distracted condition. After 2 s, the text cue was removed and the adapting stimulus was displayed for 60 s, during which observers viewed the rotating spiral and either performed the task or ignored it (described earlier). The test phase immediately followed the adaptation phase.
During the test phase, the test spiral replaced the adapting spiral at the same location. The test spiral was presented for 30 s, during which observers were required to press and hold down a key on the keyboard for as long as they perceived the illusory motion of the test stimulus (MAE) and release it when the MAE ceased. The duration of the MAE was thereby recorded and used as an indicator of motion adaptation strength. The next trial proceeded after a 10 s inter-trial interval during which a uniform gray field appeared.
Each observer performed 40 trials (8 blocks, each containing 5 trials). The attentional state of observers (attention-distracted vs. attention-not-distracted) and test stimulus type (same-spiral vs. mirror-spiral) were randomly assigned before each trial started. Fig. 2 . Sine-wave modulated logarithmic spiral used as adapting stimulus. An attention-distracting task was presented at the center of the adapting spiral and observers were required to perform the task or ignore it, depending on a text cue which preceded the adaptation phase. The task was to attend to the number stream displayed at the center of the spiral and immediately press a key on the keyboard whenever the digit was divisible by 3. Fig. 3 . Examples of the test stimulus. The test spiral had a contrast lower than that of the adapting stimulus and was either the same as (a) or the mirror image of the adapting stimulus (b).
Results
A two-way ANOVA with repeated measures [attention (distracted vs. not-distracted) and test stimulus (same-spiral vs. mirror-spiral)] was performed on the mean duration of MAE obtained from each observer. Significant effects were found for attention [F(1, 3) = 17.53, P value < 0.05] and test stimulus [F(1, 3) = 51.46, P value < 0.01]. However no significant effect was found for the interaction between attention and test stimulus [F(1, 3) = 2.97, P value = 0.18]. Posthoc pairwise t-tests showed that in both the same-spiral and mirror-spiral categories, the MAE duration in the attention-not-distracted condition was significantly greater than that in the attention-distracted condition (samespiral, attention-distracted vs. attention-not-distracted: P value < 0.05; mirror-spiral, attention-distracted vs. attention-not-distracted: P value < 0.05) (Fig. 4) . In addition, the MAE duration in the same-spiral condition was significantly greater than that in the mirrorspiral condition, both in attention-distracted and attention-not-distracted conditions (attention-distracted, same-spiral vs. mirror-spiral: P value < 0.01; attentionnot-distracted, same-spiral vs. mirror-spiral: P value < 0.01) (Fig. 4) .
Discussion
As mentioned in the results section, the MAE duration was significantly reduced when observers were engaged in the arithmetic task compared to the condition in which they ignored the task and viewed the number stream passively (P value < 0.05). This reduction took place for both conditions in which the test stimulus was the same spiral or its mirror image. The decrease in MAE duration shown in this study is well documented in the literature. Chaudhuri (1990) showed that when observers are engaged in an alphanumeric discrimination task superimposed on a moving background, the subsequent motion aftereffect is considerably reduced. Rees et al. (1997) presented a moving radial pattern in the periphery and asked observers to perform either of two different tasks shown in the center: a low-load task and a high-load task. They showed that MAE was significantly shorter under conditions of high load than under conditions of low load. Our task, although different from the tasks used in the abovementioned studies, shows the same qualitative effect of distracting attention on motion processing.
In the present study, it has been shown that MAE is significantly reduced when the mirror spiral is used instead of the same spiral as the test stimulus, successfully replicating Cavanagh and FavreauÕs findings (Cavanagh & Favreau, 1980) . This finding is not unexpected: testing with the same spiral allows measurement of local motion detectors and global rotation detectors in combination. On the other hand, testing with the mirror spiral stimulates another set of local motion detectors, and therefore manifests the amount of processing only at the global motion level. Thus, in the latter condition, adaptation of local motion detectors is not included and its behavioral manifestation is presented as a reduction in the MAE duration.
In our study we found that while the effects of attention and test stimulus on MAE duration were highly significant, no interaction was found between attention and test stimulus (F(1, 3) = 2.97, P value = 0.18). In other words the modulation which attention exerts is equal regardless of the type of the test stimulus. Comparing the same-spiral and the mirror-spiral as test stimuli, one can realize that both stimuli activate global motion detectors and the only difference between them is the contribution of local motion detectors in the induced aftereffect while testing with the same-spiral stimulus. Thus we conclude that directing attention to spiral motion only modulates global rotation detectors and has no modulatory effect on local motion detectors. Since local motion detectors are located in V1 (see above), we suggest that V1 is not modulated by attention to spiral motion.
Our data are in accord with the findings reported from WatanabeÕs laboratory (Mukai & Watanabe, 2001; Watanabe et al., 1998) . Using fMRI, Watanabe et al. (1998) demonstrated that attention to either translation or expansion motion activates the MT/MST area, while activity in V1 was increased only when attention was directed to translation motion. This data was confirmed in a psychophysics experiment. Using the same stimuli, Mukai and Watanabe (2001) showed that attention to translation enhances both monocular and binocular stages of processing in the motion hierarchy, whereas attention to expansion activates only the binocular stage. Placing the monocular and binocular stages of motion processing at V1 and MT respectively, Mukai and Watanabe confirmed their previous results regarding differential activation of V1 during attention to different types of motion (translation vs. expansion). Therefore Watanabe and his collaborators propose that different cortical areas are enhanced by attention depending on the type of motion being attended.
Why should V1 respond differently to attentional signals depending on the type of motion being attended? One possibility is that attention enhances those cortical areas which are directly involved in the processing of the motion to which attention is directed. Since different types of motion receive their initial encoding in different cortical areas, attentional modulation might be observed only in particular areas, sparing other cortical regions. Another possibility is that attentional feedback signals for opponent motion directions might suppress each other down their way at V1, similar to the inhibition verified for opponent feedforward motion signals in MT (Heeger, Boynton, Demb, Seidemann, & Newsome, 1999) . As a result, no attentional enhancement would occur in V1 while directing attention to expansion motion. On the other hand, an increase in V1 activity would appear on attending to translation motion since there is no opponency in its unidirectional motion signals. Our obtained data from spiral motion are consistent with both hypotheses; attention might exclusively enhance MT/MST, where rotation-specific units reside. Alternatively, attentionally-enhanced opponent motion signals in the rotating spiral image might cancel each other out in V1, resulting in no modulatory effect of attention in the primary visual cortex.
An important difference which exists between our study and that of Mukai and Watanabe is the way attention was manipulated in the experiments. Mukai and Watanabe simply instructed observers to attend to the moving stimulus (with no concomitant task), whereas in our experiment observers were engaged in a highly demanding task. Huk and Heeger (2000) raise an objection to simply instructing observers to ''attend'' without performing a well-controlled task, discussing that the lack of attentional modulation observed in Mukai and WatanabeÕs study might have been due to this fact. However our experiment incorporating a highly attention-demanding task still shows no attentional modulation to spiral motion at local motion detectors (V1), consistent with those found by Mukai and Watanabe.
As explained above, our results show that when attention is directed to a rotating spiral stimulus, processing at the global motion level containing rotation-selective units is enhanced, whereas local motion detectors (located at V1) are not affected. Comparing our findings with those of Mukai and Watanabe, we suggest that directing attention to pattern motion, in which local motion vectors are different from the global percept of motion, does not modulate activity in V1. Our data are supportive of the notion that attentional modulation of V1 is highly task-dependent.
